Introduction 1
Variation in genome size is one of the most striking examples of biodiversity (Bennett 2 and Leitch 2012; Gregory 2013). Genomes may be as small as 160 kb, as in the obligate 3 endosymbiotic proteobacterium Carsonella ruddii (Nakabachi et al. 2006) , and as large 4 as 150 GB in the polyploid plant Paris japonica (Pellicer et al. 2010 ). Variation is not 5 restricted to differences between species, as extensive genome size variation also exists 6 within species (Biemont 2008; Diez et al. 2013; Long et al. 2013) . Understanding the 7 evolutionary processes underlying this variation has received much attention (reviewed in Variation in genome size may be influenced by both neutral and selective 1 2 evolutionary processes. Several studies have shown that genome size may evolve 1 3 neutrally, with increases and decreases mainly due to biases in insertion and deletion 1 4 rates and/or recombination rates (Petrov 2001; Oliver et al. 2007 ; Nam and Ellegren, 1 5 2012). It has also long been recognized that genome size correlates with various selection may thus act adaptively on genome size. Much recent debate has focused on the 1 9 hypothesis that variation in the efficacy of selection, usually due to differences in 2 0 effective population size (N e ), governs most variation in genome size across distantly show that differential accumulation of transposable elements (TEs) can explain 2 differences in genome size (reviewed in Ågren and Wright 2011) . Indeed, there appears 3 to be a correlation between relative TE abundance and genome size across angiosperms 4 (Tenaillon et al. 2010) . Furthermore, variation between closely related species, including 5 species of rice (Piegu et al. 2006 ), cotton (Hawkins et al. 2006 , and Arabidopsis (Hu et 1 and segregation (Cleland 1972; Harte 1994; Rauwolf et al. 2008; Johnson et al. 2009 ).
2
Functional asexuality due to PTH has been described in eight plant families (Cleland 3 1972; Holsinger and Ellstrand, 1984; Harte 1994) , and differs from apomixis in that 4 individuals go through all stages of meiosis, and successful zygote formation still requires 5 fertilization (see Whitton et al. 2008 for a review of other forms of plant asexuality).
6
Another useful contrast between PTH and many other asexual species is that PTH species 7 tend to share the same ploidy level with their sexual relatives, allowing the effect of 8 reproductive system to be decoupled from the effect of ploidy.
9
In this study we take a phylogenetic comparative approach to examine whether 1 0 the repeated transitions from sex to PTH in Oenothera has been associated with a shift in 1 1 genome size. We also use whole genome sequencing of three species of varying genome 1 2 size and reproductive system to assess the contribution of transposable elements to 1 3 genome size variation in the genus. In this study we focus on the Oenothera genus of the evening primrose family (Cleland 1972; Harte, 1994; Rauwolf et al. 2008) . First, during metaphase I 2 2 of meiosis, all 14 chromosomes form a ring (x = n = 7) instead of bivalents, which 2 3 restricts synapsis and recombination to the highly homozygous telomeres, such that 1 genetically detectable recombination is effectively 0. Second, in anaphase I, alternate 2 disjunction results in one haploid set of chromosomes segregating as a unit, and the other 3 haploid set as another unit. Unless one of each unit is present in the zygote, the zygote 4 will not survive. This balanced mortality of gametes prevents segregation, which leads to 5 permanent heterozygosity. Finally, > 99.5% of seeds are self-fertilized (R Godfrey and 6 MTJ Johnson, unpublished results) because receptive stigmas accept pollen before 7 flowers open. In short, the genetics of PTH reproduction in Oenothera can be likened 8 with splitting the genome in half; only to later fuse the two halves back together, without 9 recombination or segregation (Cleland 1972; Harte, 1994; Rauwolf et al. 2008) . Recent 1 0 evidence shows that recombination is also suppressed in sexual bivalent forming species, 1 1 suggesting that recombination rates may not be dramatically different between sexual and Genome size estimates 2 0
In this study we examined genome size in 30 Oenothera species, including 17 PTH and 2 1 13 sexual species (Figure 1 ). Sterilized seeds were stratified by sowing them on agar and 2 2 kept in the dark at 4°C for three weeks. Seedlings were transferred to pots and grown in To control for statistical non-independence due to shared evolutionary history 1 1 (Felsenstein 1985), we accounted for phylogeny in our statistical analysis. We inferred 1 2 the phylogeny of the 30 species using the previously generated phylogeny of Oenothera To start, we tested whether the data exhibited significant phylogenetic signal and subsequently with phenol/chloroform/isoamylalcohol (25:24:1, pH 7.5). The To assess whether variation in genome size could be attributed to differential 1 0 accumulation of repetitive elements such as TEs, we determined the repetitive content in 1 1 three species of varying genome size and reproductive system. To characterize repeats we (http://galaxyproject.org). We filtered reads for quality, keeping only reads with a Phred 1 5 quality score of at least 20 over 90% of their length. RepeatExplorer joins reads together 1 6 in clusters based on sequence similarity and then matches these clusters against RepBase We detected almost two-fold variation in genome size among the diploid species We detected significant phylogenetic signal in genome size across the species examined. Phylogenetic generalized least squares analysis 1 8
We found no significant relationship between sexual reproduction and genome size. The lack of an effect of sex on genome size holds regardless of whether we assume that To investigate whether the genomes differed in other kinds of repeats, we 1 0 combined the sequences annotated as "simple repeat", "satellite", and "low complexity" chi-square test of independence, χ 2 = 59360.79, df = 2, P = 2.2 × 10 -16 ). Here, we presented genome size estimates in thirty species in the evening 5 primrose genus Oenothera and found no evidence that sex explains the almost two-fold 6 variation in genome size. Instead, evolution of genome size was fairly conserved within 7 Oenothera and best explained by neutral genetic drift, as opposed to a model of 8 stabilizing selection towards an optimum, or a model that ignores evolutionary history.
Moreover, contrary to the reasoning outlined in the Introduction, we found no evidence 1 0 that genome size variation in Oenothera can be attributed to transposable element 1 1 abundance. Instead the observable difference in genome size appeared to be due to 1 2 accumulation of short simple repeats. difference in abundance of tandem repeats rather than TEs is responsible for the 110 Mb thaliana lines, which was due to differential accumulation of 45s rDNA rather than TEs.
5
What determines whether genome size difference will be due to TEs or simple repeats 6 remains unclear.
7
Although there is evidence from multiple systems that sex may promote the 8 spread of TEs (Zeyl et al. 1996; Arkhipova and Meselson 2000; Schaack et al. 2010), 9 there is also abundant evidence that asexuality is associated with a reduction in the The results from our within-genus comparison corroborate those of the multi-2 0 family study of the role of outcrossing rate in genome size evolution by Whitney et al. (2010). In their paper, they find no effect of outrcossing rate on genome size and suggest 2 2 that an effect of mating system in their analysis could have been obscured by rapid 1 5 mating system shifts. In our analysis, the short time scale due the recent divergence 1 between species may mean that any effect of reproductive system have yet to materialize.
2
Using computer simulations to examine changes in TE copy number following a shift to 3 asexual reproduction, Docking et al. (2006) found that it took around 50,000 generations 4 to reach a new equilibrium. During the first 30,000 generations following the shift to 5 asexuality, copy numbers often increased dramatically, but even with low levels of 6 excisions all elements were lost. At any given point in time, however, variation among 7 lineages was very high. Thus although quantitative predictions from computer 8 simulations will be sensitive to specific parameter values assumed, they do highlight that 9 sampling a limited number of lineages could fail to detect a correlation between sex and 1 0 TE copy number, especially if divergence times are small such is the case in Oenothera.
1
If the rapid shifts of mating and reproductive systems mean that the effect on TE and 1 2 genome size evolution on both short (within genus) or long (multi-familiy) time scales is 1 3 difficult to capture, a possible middle road could be to examine within family variation. its evolutionary significance. J. Gen. Physiol. 34:451-462. 
